Microbubble floating in liquid dielectric and subjected to an electric field may initiate partial discharge (PD). This paper studies the parameters that affect the initiation through a computer simulation. This study inspects how the type of gas inside the microbubble, the size of the microbubble, distance from an electric field, Eo, source and, the magnitude of source's voltage affect the start of PD. For a prolate spheroid shape, there is an important parameter called 'c'. This ratio is between the radius of the microbubble polar ('a') and the radius of the equator ('b'). At constant Eo and c, different gases will initiate PD at different distances from source due to differences in a localised electric field inside the microbubble (Emax). Emax is one of the important factors for PD initiation. It is interesting to report that if the 'a' and 'b' values are chosen so that 'c' will be constant, changes in Emax are insignificant. On the other hand, changes in 'c' will result in significant changes in Emax. Finally, changes in source's voltage certainly affect the Emax.
INTRODUCTION
Partial discharge (PD) in dielectric liquid has been an active research due to its importance in determining the condition of insulation. In addition, PD also contributes to the degradation of insulation quality [1] . This phenomenon takes place due to several factors. For example, PD can be initiated due to microbubble, small floating material or impurity in the dielectric liquid. This paper will focus on PD due to microbubble. In fact, the presence of microbubble is essential in explaining the existence of PD in liquid [2] , [3] , [4] . The presence of bubble is the cornerstone of streamer theory that explains PD. Streamer theory has become more dominant in recent years [5] . Under this theory, the PD is actually the breakdown of the elongated gas bubble due to cumulative collisionionisation processes.
By definition, PD refers to a phenomenon where insulation is partially bridged electrically [6] , [7] . This is in-line with the above explanation about the breakdown in a gaseous bubble. Regarding the collision-ionisation process in the bubble, two factors come into play: the presence of free electrons and adequately high electric field inside a gaseous microbubble, E [8] , [9] , [10] , [11] . If E is larger than the breakdown of the gas residing in the bubble, Eb, PD could be initiated. The value of E, on the other hand, is affected by several conditions. Some of the conditions are going to be studied in this research.
In this study, only E would be considered as an enabling factor for PD. It is assumed that the numbers of electrons are adequate. The resultant E will be studied under several conditions. They are the type of gases inside the microbubble, microbubble geometric parameters, the strength of electric field source and its distance from the source itself. From the value of E, it is assumed that PD would start.
Simulation on the PD initiation will usually involve two charged electrodes with a specified gap and microbubble is placed in between [11] , [12] . However, for this paper, a different approach is taken. A model was developed to mimic the actual dimension in a power transformer. It means that only one charged electrode exists: the core.
The voltage of the core will be varied, while the other electrode is the grounded transformer tank. Microbubble will be placed within the space, which is filled with dielectric liquid with specified parametric values. The distance of the microbubble relative to the surface of electric field source will also be varied.
The size and geometry shape of the microbubble also are going to be varied. The geometrical parameters that will be varied are the polar-equator radius ratios as well as the shape of the bubble. Gasses that chosen to fill the microbubble are air, ethane and methane [13] .
Results from the simulation should then be analysed in term of its parameters influence in enabling the initiation of PD. Understanding can give an insight into the probability of PD to initiate inside oil-filled power transformer.
METHODOLOGY
Microbubble is the heart of the simulation presented in this paper. It will be subjected to a different magnitude of electrical filed, filled with different gas, located at a different distance from the electric field source and its geometric parameters are varied.
Throughout this paper, the terms microbubble and bubble are used interchangeably. Both mean the same: the minute when the bubble existed in the dielectric liquid within the power transformer.
It is important to acknowledge that distance from the pole of the microbubble to the surface of electric field source must be constant regardless of the size of the bubble. A small mathematical relationship has been developed in this paper to cater to the problem.
Microbubble in Dielectric Liquid
There are several views on the formation of gaseous microbubbles in the liquid dielectric. Among others are pre-existence, joule heating, electro-chemical effect (such as PD itself), electron collision, formation at a lower temperature of the moist region and different of pressure (e.g. due to vibration) [3] , [4] , [14] , [15] , [16] . In [17] it was noted that microbubble may be naturally occurred due to the presence of dissolved gasses subjected to the electric field. Among gasses that are commonly found include hydrogen, oxygen, nitrogen, methane, ethane, carbon dioxide and carbon monoxide [18] , [19] .
Each gas has different physical parametric values including relative permittivity, εr, and electric conductivity, σ. It is a fact that εr and σ values are affected by pressure and temperature. Hence, for the purpose of this paper, pressure and temperature are made constant throughout the time taken during any period of observation.
However, it can be shown that the resultant E in microbubble is only related to εr. Therefore, for each gas accurate, εr will be fed into the simulation. On the other hand, the value of σ for each of the different gases can be assumed to be in the range of 1 fS/m as specified in [20] . For air, σ = 0 S/m and εr = 1 as provided by simulation software itself.
Microbubble in Dielectric Liquid Subjected to Electric Field
Microbubble that is subjected to the external electric field, Eo, will experience Coulomb force that eventually deforms its original shape and affects its original position. The geometric shape of a microbubble in the presence of Eo has been reported to be prolate spheroid [2] , [17] , [21] . The microbubble (shaded shape) with prolate spheroid shape is shown in Figure 1 . The microbubble position is shown relative to the quarter -circular conductor at the left bottom of the figure. One aspect of studies in this paper is to observe the susceptibility of PD to start for different gases. Different gas with distinct εr will result in different E.
For bubble, E can be described using [22] :
Another matter to be investigated is the effect of the size of microbubble on E. It is unknown whether there is minimum or maximum bubble size for PD to take place. However, most of the articles or papers are referring to the void as microbubble [13] , [23] . In fact, in [13] the size of the microbubble is stated as between 2 -10 µm.
However, there was an experiment done using larger sizes of bubbles. Babayeva et al. reported a study where the size of the bubbles are 40 -100 µm [22] . For their own study, they are simulating PD for the bubble of 100 -500 µm in size.
In another study, bubbles sizes were divided into large (around 100 µl), medium (around 30 µl) and small (around 5 µl) [24] . Assuming that the natural shape of a small bubble in oil (before subjected to the electrical field) is spherical [25] , the diameter of the bubbles would be 0.00576 m (5.76 mm, large), 0.00386 m (3.86 mm, medium) and 0.00212 m (2.12 mm, small). PD was initiated in all sizes of bubbles at a different voltage, or also known as partial discharge inception voltage, PDIV. Table 1 is the tabulation of the relation between the size of bubbles and PDIV. Researchers in [12] reported an experimental set-up was not very much different from [24] . However, they did not report the size of the bubbles produced in the experiment [12] . Nonetheless, in their subsequent simulation designed to study the microbubble's electric field distribution in oil, the size of the bubbles were mentioned as a = 3 mm and b = 6 mm. In the article, alphabets 'a' and 'b' refer to the diameters of a stretched ellipsoid, with 'b' is parallel with the electric field. In the study, it was found that for bigger a/b ratio, E inside the bubble was higher.
The motion of microbubble due to thermal conduction or any other reasons is not considered. Instead, the bubble is presumed to be stationary. The shape of the bubble is therefore assumed to be maintained [12] .
The lifetime of the bubble is assumed to be long enough as if the conditions are correct, it will lead to PD commencement.
Model Description
Most of the properties for materials applied in this simulation have been predetermined by the software. For example, properties for air are already preloaded in the software. Hence, it is not necessary to be shown in Table 2 . However, several other properties need to be defined manually. Table 2 shows the tabulation of the parameters for material properties used in modelling/simulation. Apart from material properties, other parameters also need to be inserted by the user. Table 3 presents the list of parameters set prior to the simulation. For Times property, the range of simulation will be from 0 -0.02 s: one cycle of a 50 Hz sinusoidal electrical power supply. While the interval of the Times will be 0.001 s. For the purpose of the simulation, only one quadrant of the 2D surface is considered for the transformer tank and the conductor. For microbubble, the full 2D 360 o surface is going to be used.
Within the simulation software environment, the edge of geometrical shape is called a boundary. Hence, the surface of the conductor and sides of the square are all known as boundaries. The same applies to the interface between microbubble and fluid in which it is submerged. Each boundary has a number. Any boundary can be assigned to a specific character such as electric potential, just like the surface of a conductor.
Another important concept is domain. The domain is the area enclosed by geometrical shape. For example, the area represented by a bubble is a domain. As with boundary, any domain will be assigned a number. All domains need to be assigned to appropriate materials. Table 4 is the list of boundaries and domains and their assignment. The simulation software also has the ability to gauge result in a specific space. For this simulation, the measurement of the electric field along a line section that included the microbubble is recorded. Figure 2 below shows the construction of the line graph. By using this facility, a 2D graph of the electric field along the line can be produced. The shape of microbubble under electric field has been reported as prolate spheroid where polar radius, a, is larger than the equatorial radius, b. If a < b, the resulting shape is called oblate spheroid. In [12] , another parameter, c, is defined as a spheroid shape characteristic parameter. The parameter is defined as the following [12] .
Where radius a is along the x-axis and radius b is along the y-axis. Upon inspection, the y-axis is found to be parallel to the electric field, Eo.
It is important to make sure that all microbubbles with different radius will be subjected to the same contour of Eo. Hence, the distance between the conductor surface and the conductor-facing pole tip, L, must be the same. This is regardless of the bubble size. To achieve that, a simple arithmetical relationship between L and b has been developed. The key is to change the mid coordinate of the bubble. Following is the relationship.
Where, x is the coordinate for the middle of microbubble (x = y), T is the total length of the radius of the conductor, r, L and b. Since r and L are fixed, change in b will result in the new calculation of x. Figure 3 demonstrates the statement in graphical representation. 
RESULTS AND DISCUSSION
For each simulation, the Emax inside the microbubble will be noted down. This is following the convention set in [12] except for simulation that involved different gases, the rest used air-filled microbubble. Table 5 shows the result for two out of four parameters of interest: type of gas and distance of microbubble. It can safely be concluded that the further a microbubble from the surface of the conductor, the lower Emax inside it. This observation holds true for all three types of gases. Parameter c is 0.5 (a = 10 mm, b = 20 mm) with potential applied on the conductor is 275 kV.
Value of Emax inside the microbubble for each gas is different. For example, at 9 mm, Emax for methane and air is 3.4595 kV/mm and 3.4699 kV/mm. The electric field strength of methane is 3.45 x 1kV/mm while for air it is 3 kV/mm. Hence at 9 mm, PD could be initiated for both microbubbles occupied with methane or air. Beyond this point, PD is not going to be initiated in a methane-filled microbubble. For air-filled microbubble, on the other hand, initiation of PD is possible up until the distance of 13 mm. The reduction of Emax inside a microbubble is evidently seen in Figure 4 below. The reduction can largely be explained due to the distance of microbubble to the edge of the conductor. For air it is 99.17%, methane is 99.12% and ethane is 99.09%. Table 7 shows resultant Emax for different c. From the table, it can be seen that as c is increased, so is Emax. This is in-line with the results shown in [12] . For microbubble with c = 0.125, the maximum Emax is not enough to initiate PD. Following results in Table  6 , any combination of dimensions of microbubble that yield c = 0.125, no PD is expected to be started. Using data in Table 7 above, the relationship of parameter c and Emax can be shown in Figure 5 below. The R 2 is 88.95% indicating that changes in Emax can be largely explained by changes in c. By changing the source voltage, the external electrical, E, strength engulfing the microbubble is also changing. Thus, Emax is also affected. Table 8 shows the result of such simulation. Change in the source's voltage magnitude caused Emax to change linearly. The fact of linear relationship can be emphasised further when the data are plotted as in Figure 6 . The linearity is so strong that the R 2 is 100%. The source voltages of 11, 22, 33, 66, 132, 275 and 500 kV are based on the common utilities' distribution and transmission voltage levels found in Malaysia. However, 22 and 66 kV are believed to be currently phased out from usage. 
CONCLUSION
By assuming there are enough free electrons existed in the microbubble, several conditions that may contribute to PD initiation can be studied.
It is found that the Emax is strongly affected by the type of gasses. This is due to the fact that Emax is influenced by εr for each gas.
From the study, it was found that at the same source' voltage magnitude, Emax reduced significantly by the enlargement of distance.
On the other hand, increased in Emax is observed for increased in c and in source's voltage magnitude.
However, no significant changes can be observed in Emax changes of size of microbubble for constant c. 
